I. Introduction
A CTIVE flow control, and particularly unsteady mass injection (synthetic jets), promotes reattachment of naturally separated flows and can increase lift and decrease drag on airfoils at high angles of attack [1] . Synthetic-jet actuators are typically characterized by the unsteady momentum coefficient hC i s hu s i 2 h s =0:5 1 U 2 1 c and the actuation frequency F fX sep =U 1 , where s and u s are the density and velocity of the injected fluid, respectively; h s is the slot velocity; f is the actuation frequency; and X sep is the separation distance or chord length, depending on the author or application. Actuation frequencies are often chosen to be on the order of the natural large-scale shedding frequency, or F O1. At this frequency, large-scale vortex shedding is induced, which increases the entrainment rate and promotes deflection of the separated shear layer toward the surface. Recent investigations have looked at a second regime of actuation frequencies, which are typically an order of magnitude higher than the most dominant natural frequency in the separated flow and are designed to excite Kelvin-Helmholtz instabilities in the boundary layer. In the airfoil experiments of Amitay and Glezer [2] and Glezer et al. [3] , high-frequency excitation was found to be more effective in improving the aerodynamic performance than actuation at lower frequencies by increasing the suction force immediately after the leading edge actuation location. Simulations performed by Visbal [4] and Visbal et al. [5] have shown that plasma-based actuation pulsed at frequencies in the range of F 4-8 are effective in promoting laminar-turbulent transition and suppressing separation. However, when applied to a fully turbulent boundary layer, the plasma actuation required significantly more power to achieve a reduction in separation bubble size. Other airfoil simulations at low or transitional Reynolds number have found that actuation close to the fundamental shear-layer frequency is ineffective, and forcing closest to the natural shedding frequency is more optimal [6, 7] ; however, such twodimensional simulations may not be accurately capturing the threedimensional flow physics. Similar results are seen in the numerical experiments by Dandois et al. [8] on a backward-facing step, in which the separation bubble length increased with high-frequency forcing.
Here, we briefly report results for a compressible, large-eddy simulation (LES) of flow past a wall-mounted hump at high Reynolds number where oscillatory control is applied at F O10. The LES with F O1 was previously validated and found to compare favorably with extensive experimental results [9, 10] of this geometry [11] . Many other computational results in the low-frequency regime were reported in the NASA Langley Computational Fluid Dynamics Validation workshop [12] . We simulate the flow at Re c 500; 000 and Mach numbers of 0.25 and 0.6, the latter of which is significantly higher than previous simulations of high-frequency actuation [6] [7] [8] 13] .
II. Computational Methodology and Validation
The governing equations are the filtered Navier-Stokes equations: The wall-parallel and wall-normal derivatives are solved using a sixth-order, summation-by-parts, explicit finite-difference scheme with a Fourier spectral method in the spanwise direction. Time stepping is accomplished with a fourth-order Runge-Kutta scheme, and the grid is 800 by 160 by 64 points in the streamwise, wallnormal, and spanwise directions, respectively. The boundary conditions are periodic in the spanwise direction, no-slip and isothermal conditions on the lower wall boundary, symmetry on the upper wall, and nonreflecting boundary conditions at the inlet and exit.
Actuation is applied by modifying the wall-normal velocity distribution at the wall to approximate the same slot location as used in the experiments. This is achieved with a Gaussian profile, u s u s;max e x x s 2 =2 2 , h s 4 where the slot width h s is 0.0055 and the maximum slot velocity is u s;max U s sin2ft. The compressible LES solver, actuator treatment, and methodology described here has been previously validated against experimental data using the baseline, steady suction, and low-frequency actuation test cases [11] .
III. Results
The baseline flow over the wall-mounted hump is characterized by boundary layer separation at 65% of the chord, which reattaches downstream of the chord to form an unsteady turbulent recirculation region. The pressure coefficient has a suction peak at x=c 0:5, followed by a brief pressure recovery region before separation.
Although the boundary layer separates at the same location for both Mach numbers, pressure recovery and reattachment occurs farther downstream in the compressible flow due to the lower growth rate and entrainment rate of the separated shear layer [11] .
The effect of actuation frequency on the average pressure coefficient is shown in Fig. 1a . Whereas a range of frequencies is tested at M 0:6, only two actuation frequencies (F 0:84 and 11.8) are tested at M 0:25. All cases have the same momentum coefficient hC i 0:11%. The low-frequency (LF) actuation at F 0:84 and 1.7 both initiate an earlier pressure recovery and reattachment when compared to the baseline flow, whereas the highfrequency (HF) actuation at Zero-efflux oscillatory blowing experiments [10] have been performed on this geometry in the range of F 0:5 to 2.17 (note that the reported frequencies have been rescaled to match the definition of F in this paper). In these experiments, the optimal frequency in terms of separation length reduction was found to be F 0:84-1:5, which is roughly 1-2 times the natural shedding frequency. As the frequency was increased to F 2:17, the mean separation length once again increased. These results are consistent with Fig. 1a , in which the optimal frequencies are found to be F 0:84 and 1.7, and higher frequencies offer little to no benefit in reducing the separation length.
To test whether a momentum coefficient of 0.11% was too low to make an impact with HF actuation, the momentum coefficient was increased to hC i 0:23% for the M 0:25 flow. The mean flow and C p indicated no notable differences from the baseline case. To determine if the HF actuation is sensitive to the actuation location, the flow is actuated further upstream (at x=c 0:60, with hC i 0:23%). This results in a sharp suction peak at the actuation location, but it does not have any global effects on the separation or reattachment of the flow.
The local effects of actuation are investigated by calculating the momentum and vorticity thickness. The momentum thickness is modified to adjust for the acceleration of the freestream flow:
and the vorticity thickness is defined by
The local momentum thickness surrounding actuation is plotted for the baseline and controlled cases in Fig. 2 . The LF actuation has an increase in the momentum thickness of 24% at M 0:25 compared to the baseline and a more moderate increase of 12% for the M 0:6 flow. The modification in momentum thickness is both upstream and downstream of the actuation location. As the actuation frequency is increased, the momentum thickness decreases, resulting in the smallest value at the highest actuation frequencies. The two highest actuation frequencies have the same momentum thickness, which is smaller than the baseline. This insensitivity may imply that there is a threshold frequency above which the boundary layer will have the same response. The HF actuation reduces the momentum thickness by approximately 10% at M 0:6 and by 6% at M 0:25.
The spatial growth of the vorticity thickness is calculated with a linear fit beginning just after separation at x=c 0:67. The growth rate of the shear layer is not linear, but the initially separated region is approximated by a linear fit to obtain a measure of the shear layer's growth rate. Estimates of the initial d ! =dx=c are given in Table 1 M 0:6, d ! =dx=c decreases with increasing frequency and is slightly less than the baseline growth rate at the highest frequency. Thus, LF actuation is actively increasing the growth of the shear layer whereas HF actuation slightly diminishes the growth rate immediately after separation.
Although the global flow was relatively unaltered, the trends in boundary layer growth demonstrate that the HF actuation does have an effect on the boundary layer in the localized region of actuation. Inspection of the Reynolds stresses surrounding the actuation location (not shown) shows that they are consistently lower than the baseline level for HF actuation, whereas they are increased from the baseline state with LF actuation. The lower level of velocity fluctuations with HF actuation may be responsible for the initially lower growth and entrainment rates. When compared to the baseline flow, the streamlines are deflected closer to the wall with HF actuation, slightly modifying the local C p , but this localized effect does not significantly affect the pressure downstream or upstream of the actuation, nor the separation location.
The phase-averaged spanwise vorticity of two actuation frequencies, F 0:84 and 5.0, are shown in Figs. 3a and 3b. With LF actuation, coherent structures form at separation and are shed from the shear layer. As the frequency increases, structures that result from actuation are no longer distinguishable in the phaseaveraged vorticity. At M 0:6 and F 5:0, there is no difference between the suction and blowing phase-averaged vorticity contours. Velocity probes of the span-averaged flow are placed within the shear layer and along the wall within the separated region. The LF and HF actuation cases are directly compared to the corresponding baseline spectra in Figs. 3c-3f . The LF-actuated flow displays strong spectral peaks at the forcing frequency for all locations within the shear layer. The most distinct peaks at the actuation frequency occur at actuation and just after separation (x=c 0:67). In the downstream portion of the separation bubble, frequencies lower than the actuation frequency grow in strength, indicating that vortices may merge as the separation bubble reattaches. However, the lack of a distinct peak at the subharmonic of the actuation frequency indicates that pairing is not regular.
When the flow is actuated at F 5, the velocity spectra display a peak at the actuation frequency immediately after separation at x=c 0:67, along with a subharmonic at F 2:5. However, the actuation frequency is no longer present toward the middle of the separation bubble (x=c 0:85) and close to reattachment (x=c 1:1). This is consistent with the lack of coherent structures in the phase-averaged vorticity contours in Fig. 3b . With HF actuation, the associated flow structures are too small and dissipate too quickly to be separated from the turbulence in the separated region. Despite the weak appearance of the actuation in the velocity spectra, the pressure spectra have detectable peaks at the actuation frequency for all probes. If one looks at the pressure contours over time, there is a strong acoustic disturbance that emanates from the actuation location.
IV. Conclusions
A large-eddy simulation was performed over a wall-mounted hump model to test the effectiveness of high-frequency actuation, F 5, versus low-frequency actuation at F O1 at a momentum coefficient of 0.11%. It was found that, for the locations and momentum coefficients tested, that high-frequency actuation did not improve the mean separation bubble length. Close examination of the M 0:6 case compared with the M 0:25 case revealed a slight delay in reattachment for the higher Mach number, whereas the low Mach number was approximately the same as the baseline flow, which may indicate that compressibility plays a role in the highfrequency actuation regime.
An investigation into the local effects on the boundary layer found a decrease in Reynolds stresses and growth rate, which is similar to the lower fluctuation levels [2] and lower kinetic energy [8] previously reported. Here, these local effects did not alter the separation location, and only slightly modified the shear layer by decreasing the growth and entrainment rate. For the wall-mounted hump geometry, it was found that the lowfrequency actuation, on the order of the natural frequency, was most effective in decreasing the separated region. The large vortical structures created by the actuation increased entrainment and promoted reattachment, as opposed to the small vortices of the highfrequency actuation which dissipated rapidly and had little effect on the average flow.
